Plume characteristics of MPD thrusters: A preliminary examination by Myers, Roger M.
4 
4 
NASA Contractor Report 185 130 
AIAA-89-2832 
Plume Characteristics of MPD Thrusters: 
A Preliminary Examination 
Roger M. Myers 
Sverdrup Technology, Inc. 
NASA Lewis Research Center Group 
Cleveland, Ohio 
September 1989 
Prepared for 
Lewis Research Center 
Under Contract NAS3-25266 
nmsn 
Nahonal Aeronautics and 
Space Admlnlstratlon 
(NASA-Cn-285130)  PLUME C H A R A C T E R I S T I C S  UF N09-29483 
MPD Tl4WJSTEPS: A PRELIMINARY EXAMINATION 
F i n a l  Keport (Sverdrup Technology) 16 p Uncl as CSCL 71H 
G 3 / 2 O  0232694 
https://ntrs.nasa.gov/search.jsp?R=19890020112 2020-03-20T00:32:19+00:00Z
PLUME CHARACTERISTICS OF MPD THRUSTERS: A PRELIMINARY E X A M I N A T I O N  
Roger M. Myers*  
Sve rd rup  Techno logy ,  I n c .  
NASA Lewis  Research Cen te r  Group 
C l e v e l a n d ,  O h i o  44135 
SUMMARY 
A d i a g n o s t i c s  f a c i l i t y  fo r  MPD t h r u s t e r  plume measurements has been b u i l t  
and i s  c u r r e n t l y  u n d e r g o i n g  t e s t i n g .  The f a c i l i t y  i n c l u d e s  e l e c t r o s t a t i c  
p robes  f o r  e l e c t r o n  t e m p e r a t u r e  and d e n s i t y  measurements, H a l l  p robes  f o r  mag- 
n e t i c  f i e l d  and c u r r e n t  d i s t r j b u t i o n  mapping, and an imag ing  sys tem t o  e s t a b -  
l i s h  t h e  g l o b a l  d i s t r i b u t i o n  o f  p lasma s p e c i e s .  P r e l i m i n a r y  r e s u l t s  f o r  MPD 
t h r u s t e r s  o p e r a t e d  a t  power l e v e l s  between 30 and 60 kW w i t h  s o l e n o i d a l  a p p l i e d  
magne t i c  f i e l d s  show t h a t  t h e  e l e c t r o n  d e n s i t y  decreases  e x p o n e n t i a l l y  from 
1x1020 m-3 t o  2 ~ 1 0 ~ 8  m-3 o v e r  t h e  f irst 30 cm o f  t h e  expans ion  w h i l e  t h e  e l e c -  
t r o n  t e m p e r a t u r e  d i s t r i b u t i o n  i s  r e l a t i v e l y  u n i f o r m ,  d e c r e a s i n g  from -2.5 t o  
1 .5  eV o v e r  t h e  same d i s t a n c e .  
e m i s s i o n  a l s o  decays e x p o n e n t i a l l y .  C u r r e n t  d i s t r i b u t i o n  measurements i n d i c a t e  
t h a t  a s i g n i f i c a n t  f r a c t i o n  of t h e  d i s c h a r g e  c u r r e n t  i s  b lown i n t o  t h e  plume 
r e g i o n ,  and t h a t  i t s  d i s t r i b u t i o n  depends on  t h e  magn i tudes  o f  b o t h  t h e  d i s -  
charge c u r r e n t  and t h e  a p p l i e d  magne t i c  f i e l d .  
7 co
LD 0
I 
w The r a d i a n t  i n t e n s i t y  o f  t h e  A r I I  4879 A l i n e  
INTRODUCTION 
The p o t e n t i a l  f o r  h i g h  s p e c i f i c  impu lse  and sys tem s i m p l i c i t y  make MPD 
t h r u s t e r s  a t t r a c t i v e  f o r  p r o p u l s i o n  a p p l i c a t i o n s  on p l a n e t a r y ,  o r b i t  t r a n s f e r ,  
and maneuver ing  m i s s i o n s  ( r e f s .  1 and 2 ) .  However, demons t ra ted  t h r u s t e r  e f f i -  
c i e n c i e s  a r e  s t i l l  too low t o  make MPD t h r u s t e r s  p r a c t i c a l  f o r  these  a p p l i c a -  
t i o n s .  The g o a l  o f  t h i s  r e s e a r c h  i s  t o  e s t a b l i s h  t h e  pe r fo rmance  l i m i t a t i o n s  
of these  d e v i c e s  by  examin ing  t h e  p h y s i c a l  mechanisms o f  t h r u s t e r  ene rgy  
d e p o s i t i o n .  
The p h y s i c a l  p rocesses  wh ich  gove rn  a c c e l e r a t i o n  and i n t e r n a l  ene rgy  depo- 
s i t i o n  v i a  i o n i z a t i o n  and p r o p e l l a n t  h e a t i n g  a r e  d i s t r i b u t e d  t h r o u g h o u t  t h e  
t h r u s t e r  and n e a r  f i e l d  p lume.  I n t e r e l e c t r o d e  e l e c t r o n  d e n s i t i e s  measured i n  
q u a s i - s t e a d y  t h r u s t e r  ( 1  t o  2 ms p u l s e )  by T u r c h i  ( r e f .  3 )  and Tahara ( r e f .  4 )  
i n d i c a t e  t h a t  t h e  p r i m a r y  i o n i z a t i o n  zone f o r  a rgon  p r o p e l l a n t  i s  nea r  t h e  
t h r u s t e r  b a c k p l a t e .  However, B ruckner  ( r e f .  5 )  and B o y l e  ( r e f .  61 ,  u s i n g  o p t i -  
c a l  and d o u b l e  e l e c t r o s t a t i c  p robe  t e c h n i q u e s ,  measured t h e  exhaus t  v e l o c i t y  of 
s e l f - f i e l d  t h r u s t e r s  and found  t h a t  s i g n i f i c a n t  a c c e l e r a t i o n  took p l a c e  i n  t h e  
f i r s t  15 cm o u t s i d e  t h e  t h r u s t e r .  Ma isenha lde r  ( r e f .  7 )  used r a p i d l y  r o t a t i n g  
s i n g l e  e l e c t r o s t a t i c  p robes  t o  e s t a b l i s h  f low st ream1 i n e s ,  e l e c t r o n  tempera- 
t u r e s ,  and d e n s i t i e s  i n  t h e  plume o f  a s t e a d y - s t a t e ,  s e l f - f i e l d  MPD t h r u s t e r .  
F r a d k i n  ( r e f .  81, u s i n g  a Rogowski c o i l ,  showed t h a t  as much as 40 p e r c e n t  of 
t h e  d i s c h a r g e  c u r r e n t  c o u l d  f l ow  more t h a n  90 cm downstream o f  an a p p l i e d  f i e l d  
MPD t h r u s t e r .  These measurements i n d i c a t e  a s u b s t a n t i a l  amount o f  ene rgy  depo- 
s i t i o n  i n  t h e  plume r e g i o n ,  b u t  a r e  l i m i t e d  t o  h i g h  power q u a s i - s t e a d y  or low 
power s t e a d y - s t a t e  o p e r a t i o n  and t o  a na r row range o f  t h r u s t e r  o p e r a t i n g  
c o n d i t i o n s .  
*Member A I A A .  
The goa l  o f  t h i s  work i s  t o  e s t a b l i s h  t h e  p lasma c h a r a c t e r i s t i c s  and domi- 
n a n t  p h y s i c a l  p rocesses  p r e s e n t  i n  t h e  exhaust  plume o f  b o t h  s e l f  and a p p l i e d  
f i e l d  s t e a d y - s t a t e  MPD t h r u s t e r s  o p e r a t e d  a t  power l e v e l s  between 20 and 
250 kW. F o l l o w i n g  an o v e r v i e w  o f  t h e  e x p e r i m e n t a l  f a c i l i t y ,  t h e  plume d iagnos -  
t i c  t echn iques  and t h e i r  i m p l e m e n t a t i o n  a r e  p r e s e n t e d .  P r e l i m i n a r y  measure- 
ments o f  t h e  e l e c t r o n  d e n s i t y  and tempera tu re ,  i o n i z e d  argon l i n e  i n t e n s i t y  and 
c u r r e n t  d i s t r i b u t i o n s  a r e  shown and t h e i r  i m p l i c a t i o n s  d i s c u s s e d .  
EXPERIMENTAL FACILITY AND THRUSTER CONFIGURATIONS 
The MPD t h r u s t e r  t e s t  f a c i l i t y  c o n s i s t e d  o f  a 3 m d i a m e t e r ,  3 m l o n g  spoo l  
p i e c e  a t t a c h e d  to  a 21 m long ,  7 . 6  m d iamete r  vacuum t a n k  v i a  a 3 m d i a m e t e r  
g a t e  v a l v e .  T h r u s t e r s  were mounted on  a t h r u s t  s t a n d  w i t h i n  t h e  spoo l  p i e c e ,  
and t h e  g a t e  v a l v e  was opened t o  t e s t  t h e  t h r u s t e r s .  The t h r u s t e r  s u p p o r t  
assembly i s  shown s c h e m a t i c a l l y  i n  f i g u r e  1 .  The t a n k  p r e s s u r e  was m a i n t a i n e d  
a t  p r e s s u r e s  be low 0.07 Pa ( 5 ~ 1 0 - ~  t o r r )  d u r i n g  t e s t i n g  a t  a rgon  f low r a t e s  up 
t o  0.16 g / s .  The t h r u s t e r s  were powered by f o u r  66 kW w e l d i n g  s u p p l i e s  com- 
b i n e d  i n  a s e r i e s / p a r a l l e l  c i r c u i t  t o  g i v e  88 V a t  3000 A .  A s o l e n o i d a l  mag- 
n e t i c  f i e l d  was a p p l i e d  u s i n g  a 46 t u r n ,  14 cm i n n e r  d i a m e t e r ,  1 5 . 2  c m  l o n g  
c o i l  s u r r o u n d i n g  t h e  t h r u s t e r  anode. A s i n g l e  w e l d i n g  s u p p l y  was used t o  d r i v e  
up  t o  1500 A t h r o u g h  t h i s  magnet, g e n e r a t i n g  a 0.2 t e s l a  magnet ic  f i e l d  a t  t h e  
ca thode t i p .  F u r t h e r  d e t a i l s  on  t h e  f a c i l i t y  may be found  i n  r e f e r e n c e s  9 
t o  1 1 .  
The t h r u s t e r  c o n f i g u r a t i o n s  used fo r  these e x p e r i m e n t s ,  shown i n  f i g u r e  2, 
used a c y l i n d r i c a l  w a t e r  c o o l e d  copper  anode and a 2 p e r c e n t  t h o r i a t e d  t u n g s t e n  
ca thode .  The t h r u s t e r  d e s i g n a t i o n s  ( D ,  E, and F >  co r respond  t o  those  used i n  
r e f e r e n c e  10. C o n f i g u r a t i o n  D had a c y l i n d r i c a l  anode wh ich  ended i n  a s h o r t ,  
41" f l a r e .  The c o n t i n u o u s l y  f l a r e d  anode geometry  used f o r  geomet r i es  E and F 
was 5 .4  cm l o n g  w i t h  a 10.5" h a l f  a n g l e .  For a l l  t h r u s t e r s  t h e  ca thode diame- 
t e r  was 1.27 cm; i t s  l e n g t h  was 2.2 cm for geomet r i es  D and E and 3 .8  cm f o r  
geomet ry  F. The p r i m a r y  chamber d imens ions  a r e  l i s t e d  i n  t a b l e  I. Argon p r o -  
p e l l a n t  was i n j e c t e d  t h r o u g h  t h e  b a c k p l a t e .  
OIAGNOSTICS 
E l e c t r o s t a t i c  and H a l l  p robes  were used w i t h  a p o s i t i o n i n g  system t o  s t u d y  
t h e  e l e c t r o n  d e n s i t y l t e m p e r a t u r e  and c u r r e n t  d i s t r i b u t i o n s  and a charge i n j e c -  
t i o n  d e v i c e  ( C I D )  camera was used w i t h  nar row bandpass i n t e r f e r e n c e  f i l t e r s  t o  
e s t a b l i s h  g l o b a l  p lasma spec ies  d i s t r i b u t i o n s .  I n  t h i s  s e c t i o n  d e t a i l e d  
d e s c r i p t i o n s  o f  these  d i a g n o s t i c s  a r e  p resen ted .  
Probe System 
The p r i n c i p a l  p rob lem w i t h  i n t r u s i v e  d i a g n o s t i c s  o f  h i g h  power s teady-  
s t a t e  plasma t h r u s t e r s  i s  t h e  e x t r e m e l y  h o s t i l e  env i ronmen t  i n  wh ich  t h e  meas- 
urements a r e  made. T o t a l  e n t h a l p i e s  i n  t h e  exhaus t  plume can reach  up t o  
5x108 J / k g .  Fo r  t h i s  r e s e a r c h  t h e  probes  were swept t h r o u g h  t h e  plume i n  
-50 ms t o  a v o i d  t h e  l a r g e  s i z e s  a s s o c i a t e d  w i t h  a c t i v e  c o o l i n g .  The d r i v e  
system, shown i n  f i g u r e  3, c o n s i s t e d  of a s tepper  motor d r i v e n  l i n e a r  a c t u a t o r  
used t o  move t h e  probes  a x i a l l y  on wh ich  a dc motor was mounted t o  r o t a t e  t h e  
probes  t h r o u g h  t h e  plume. The p robe  arm l e n g t h  was such t h a t  t h e  probes  passed 
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d i r e c t l y  t h r o u g h  t h e  t h r u s t e r  a x i s  and a v a r i a b l e  p o t e n t i o m e t e r  was used t o  
d e t e c t  t h e  a n g u l a r  p o s i t i o n  of t h e  probe arm d u r i n g  t h e  plume t r a v e r s e .  Da ta  
were a c q u i r e d  a t  1 kHz d u r i n g  each pass th rough  t h e  plume. The e n t i r e  m o t i o n  
and d a t a  a c q u i s i t i o n  sequence was c o n t r o l l e d  u s i n g  a p e r s o n a l  computer .  
E l e c t r o s t a t i c  p robes .  - The r a p i d  p robe m o t i o n  makes use of s t a n d a r d  
s i n g l e  and doub le  p robe  techn iques  ( r e f .  12) d i f f i c u l t .  For t h i s  reason  t h e  
s i m p l e r  t r i p l e  p robe t e c h n i q u e  deve loped by Chen ( r e f .  1 3 > ,  and r e c e n t l y  
implemented a t  t h e  U n i v e r s i t y  o f  S t u t t g a r t  ( r e f .  1 4 > ,  was used f o r  t h e s e  exper -  
imen ts .  T h i s  t e c h n i q u e  e l i m i n a t e s  t h e  r e q u i r e m e n t  f o r  a v o l t a g e  ramp and p e r -  
m i t s  r a p i d  e v a l u a t i o n  o f  t h e  e l e c t r o n  tempera tu re  and d e n s i t y .  Comparisons of 
r e s u l t s  from t h e  t r i p l e  p robe method w i t h  doub le  p robe and n o n i n t r u s i v e  i n t e r -  
f e r o m e t r i c  t e c h n i q u e s  have shown good agreement under  c o n d i t i o n s  s i m i l a r  t o  
t h o s e  expec ted  i n  MPD t h r u s t e r  plumes ( r e f s .  15 and 16 ) .  A s  shown i n  f i g u r e  4, 
t h e  t r i p l e  p robe t e c h n i q u e  r e l i e s  on a p p l y i n g  a c o n s t a n t  b i a s  v o l t a g e  between 
two probes  w h i l e  a t h i r d  i s  a l l o w e d  t o  e l e c t r i c a l l y  f l o a t  nea rby .  The e l e c t r o n  
tempera tu re ,  Te, and d e n s i t y ,  Ne,  a r e  r e l a t e d  t o  t h e  f l o a t i n g  v o l t a g e ,  Vd2, and 
t h e  c u r r e n t ,  I d 3 ,  b y  ( r e f .  13) 
1 1 - e x p ( q )  
7 =  
N =  e 
( 1 )  
( 2 )  
where t h e  v o l t a g e s  a r e  d e f i n e d  i n  f i g u r e  4 and 
s u r f a c e  a r e a .  
e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n ,  a c o l l i s i o n l e s s  probe sheath ,  and n e g l i g i b l e  
i n t e r - p r o b e  i n t e r a c t i o n .  The l a t t e r  r e q u i r e s  t h a t  t h e  probe s e p a r a t i o n  be much 
l a r g e r  t h a n  t h e  Debye l e n g t h .  The probes  a r e  a l i g n e d  w i t h  t h e  t h r u s t e r  a x i s  t o  
m i n i m i z e  t h e  impac t  o f  f low a n g l e  on  t h e  e l e c t r o n  d e n s i t y  measurements. T h i s  
e f f e c t  goes t o  z e r o  a l o n g  t h e  a x i s  (where t h e  probes  a r e  i n  l i n e  w i t h  t h e  
f low) ,  and t h e  a x i a l  v a r i a t i o n  i n  t h e  shape o f  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u -  
t i o n  i m p l i e s  t h i s  e f f e c t  i n t r o d u c e s  an error o f  l e s s  t han  20 p e r c e n t  a t  t h e  
l a r g e s t  a x i a l / r a d i a l  p o s i t i o n  examined (worst c a s e ) .  The impac t  o f  t h e  mag- 
n e t i c  f i e l d  on t h e  probe measurements shou ld  be sma l l  f o r  t h e  c o n d i t i o n s  
s t u d i e d  ( r e f .  1 3 ) .  
A p  i s  t h e  i n d i v i d u a l  p robe  
These r e l a t i o n s  a r e  based on t h e  assumpt ions  o f  a M a x w e l l i a n  
The t r i p l e  e l e c t r o s t a t i c  p robe c o n s i s t e d  o f  t h r e e  0.25 mm d i a m e t e r ,  1 cm 
l o n g ,  t u n g s t e n  w i r e s  each separa ted  by  1 mm. Probe end e f f e c t s  ( r e f .  1 7 )  
s h o u l d  be sma l l  f o r  t h i s  geometry  ( l e n g t h  t o  d i a m e t e r  r a t i o ,  -50) .  Alumina  
t u b e s ,  wh ich  were 1 . 4  mm i n  d iamete r  and 3.8 c m  l o n g ,  w e r e  used as t h e  i n s u l a -  
tors.  
p l y .  T e s t i n g  r e v e a  ed t h a t  v a r y i n g  Vd3 between 6 and 18 V had l i t t l e  impac t  
o n  t h e  measurements A l l  s i g n a l s  were s e n t  t h r o u g h  i s o l a t i o n  a m p l i f i e r s  ( 3  dB 
A c o n s t a n t  b as ( vd3 )  o f  1 7  V was a p p l i e d  u s i n g  a 30 V ,  2 A power sup- 
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point at 10 kHz) before going to the data acquisition system. Repeated rota- 
tions through the plume at constant axial position showed no change in the 
probe signals indicating that probe contamination was not significant. 
Hall probes. - The current distribution was measured by rotating a Hall 
effect transducer through the plume. 
distribution, the self-induced magnetic field distribution is related to the 
enclosed current, Jenc, by 
Assuming an azimuthally symmetric current 
poJe n c ( 
2nr Be(r) = ( 3 )  
where the assumption of symmetry can be checked a posteriori. As shown in fi- 
gures 2 and 5, the probe orientation during the traverse is such that its 
response is given by 
B = Br sin9 + Be cose P (4) 
where Bp s the field measured by the probe, Br is the radial field compo- 
nent due to the applied field and 8 is the angle between the probe and the 
local radiu , rp. From figure 5 it is apparent that 0 is equal to one-half 
the angle between the probe arm and the local vertical. The contribution from 
Br is largest at the largest radius (where both 0 and 6, are largest). 
Assuming current does not extend radially outside the thruster (which can again 
be checked a posteriori), the maximum radius is the thruster radius, rt, so 
that 
where Rp is the length of the probe arm. For the dimensions given in fig- 
ures 2 and 5 this results in the inequality 
Br < 4Be ( 1 )  
for the Br term to contribute less than 10 percent of the measured value. To 
establish minimum measurable currents the radial field distribution was calcu- 
lated using a thick, finite length solenoid code (ref. 18). Typical results 
are shown in figure 6 for z = 2.7 cm and three magnet current levels. For 
each magnetic field strength the minimum measurable 
equation ( 6 ) .  
Be is established using 
The dependence of Hall probe output on temperature is shown in figure 7. 
A 50 "C temperature increase decreased the sensor output by -8 percent. To 
minimize the impact of probe heating during the plume traverse a 0.5-mm-thick 
mica sheet was placed on either side of the probe and the edges were sealed 
with ceramic cement. In addition, a thermocouple was located immediately 
beside the probe to monitor its temperature during thruster operation. Prelim- 
inary testing revealed that while the probe temperature did not increase sig- 
nificantly during the passage through the plume, prolonged exposure, even while 
far outside the main plume, increased its temperature by over 100 "C. For this 
reason a small water cooling line was passed up through the probe arm. High 
4 
t h e r m a l  c o n d u c t i v i t y  epoxy was used t o  conduc t  h e a t  from t h e  probe back  t o  t h e  
arm. I n  t h i s  f a s h i o n  t h e  sensor  t e m p e r a t u r e  was k e p t  c o n s t a n t  w i t h o u t  s a c r i -  
f i c i n g  t h e  sma l l  p robe  s i z e .  
F i l t e r  pho tog raphy .  - A C I D  camera was used w i t h  na r row bandpass o p t i c a l  
i n t e r f e r e n c e  f i l t e r s  t o  s t u d y  g l o b a l  plasma spec ies  d i s t r i b u t i o n s .  The camera 
was mounted p e r p e n d i c u l a r l y  to  t h e  t h r u s t e r  a x i s  t o  image t h e  near  f i e l d  plume. 
The d i s t r i b u t i o n  o f  t h e  4p i o n i z e d  a rgon  quantum s t a t e  was examined by  obse rv -  
i n g  t h e  4879 A l i n e  e m i s s i o n  w i t h  a f i l t e r  bandpass o f  10 A .  
d i r e c t l y  d i g i t i z e d  u s i n g  a frame g rabber  and commerc ia l  so f tware .  
s t a g e  o f  t h e  r e s e a r c h  no  A b e l - i n v e r s i o n  was pe r fo rmed .  
Images were 
A t  t h i s  
PRELIMINARY RESULTS 
The MPD t h r u s t e r s  were o p e r a t e d  a t  c u r r e n t  l e v e l s  between 1000 and 1500 A 
a t  an a r g o n  mass f low r a t e  o f  0 .16  g / s .  
between 400 and 1500 A.  V o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  and per formance meas- 
urements a r e  r e p o r t e d  i n  r e f e r e n c e  10. 
The s o l e n o i d  c u r r e n t  was v a r i e d  
E l e c t r o n  d e n s i t y  and t e m p e r a t u r e  p r o f i l e s  f o r  t h r u s t  F a t  s e v e r a l  a x i a l  
p o s i t i o n s  downstream of t h e  e x i t  p l a n e  a r e  shown i n  f i g u r e s  8 ( a )  and ( b ) .  
These d a t a  were o b t a i n e d  a t  a d i s c h a r g e  c u r r e n t ,  J t ,  o f  1500 A ,  magnet c u r r e n t ,  
Jm, o f  800 A and a mass f low r a t e  o f  0.16 g / s  ( J 2 / m  = 1 . 4 ~ 1 0 ~ ~  A 2 . s / k g > .  
t r i p l e  p robe  t e c h n i q u e  f a i l s  f o r  e l e c t r o n  number d e n s i t i e s  be low 10 l6  m-3 
because o f  probe shea th  i n t e r a c t i o n s  a t  low d e n s i t i e s .  I t  i s  c l e a r  t h a t  w h i l e  
e l e c t r o n  t e m p e r a t u r e  e x h i b i t e d  s t r o n g  r a d i a l  g r a d i e n t s  nea r  t h e  e x i t  p l a n e  
( r e a c h i n g  a peak o v e r  2 . 5  eV on  c e n t e r l i n e ) ,  i t s  a x i a l  v a r i a t i o n  was g r a d u a l .  
The e l e c t r o n  d e n s i t y ,  however, decayed r a p i d l y  i n  b o t h  r a d i a l  and a x i a l  d i r e c -  
t i o n s .  Shown i n  f i g u r e  9 i s  a p l o t  o f  t h e  c e n t e r l i n e  e l e c t r o n  d e n s i t y  ve rsus  
a x i a l  o s i t i o n  and t h e  a s s o c i a t e d  l e a s t - s q u a r e s  c u r v e  f i t .  S t a r t i n g  from 
- 1 ~ 1 0 ~ 6  m-3, t h e  decay i s  e x p o n e n t i a l  a t  a c o n s t a n t  r a t e  o v e r  t h e  f i r s t  30 cm 
o f  t h e  plume. 
( r e f .  19) u s i n  a ermanent  magnet a p p l i e d  f i e l d  w i t h  a 10 kW t h r u s t e r  
a r e  l o w e r .  The d i f f e r e n t  decay r a t e s  a r e  p r o b a b l y  due t o  t h e  d i f f e r e n t  shapes 
of t h e  a p p l i e d  f i e l d s  used i n  t h e  two e x p e r i m e n t s .  
The 
These r e s u l t s  a r e  s i m i l a r  t o  those  o b t a i n e d  by  Arakawa 
(J2/m = 4 . 4 ~ 1 0  4 9  A . s / k g ) ,  though t h e  a x i a l  decay r a t e s  obse rved  i n  t h i s  work 
The i n f l u e n c e  o f  t h e  a p p l i e d  magne t i c  f i e l d  on t h e  d e n s i t y  and t e m p e r a t u r e  
a t  z = 2 2  cm i s  shown i n  f i g u r e s  l l ( a >  and ( b ) .  The a p p l i e d  f i e l d  s t r e n g t h  
had l i t t l e  impac t  on  t h e  e l e c t r o n  t e m p e r a t u r e  a t  t h i s  a x i a l  p o s i t i o n ,  b u t  t h e  
peak e l e c t r o n - d e n s i t y  decreased by  -30 p e r c e n t  and i t s  r a d i a l  e x t e n t  i n c r e a s e d  
s l i g h t l y  a t  l ower  f i e l d  s t r e n g t h s .  The r a t i o  o f  t h e  gas t o  magne t i c  p r e s s u r e ,  
d e f  i ned by  
was e v a l u a t e d  u s i n g  t h e  c a l c u l a t e d  a x i a l  f i e l d  s t r e n g t h s  and assuming N i  = Ne 
and Te = T i .  R e s u l t s  f o r  a s o l e n o i d  c u r r e n t  o f  800 A a r e  shown i n  f i g u r e  10. 
13 i n c r e a s e d  e x p o n e n t i a l l y  w i t h  a x i a l  d i s t a n c e  from 0 .02  a t  z = 1 cm t o  0.35 
a t  z = 30 cm. I t  i s  a p p a r e n t  from these  r e s u l t s  t h a t  t h e  magne t i c  f i e l d  s i g -  
n i f i c a n t l y  c o n f i n e d  t h e  p lasma i n  t h e  near  f i e l d  expans ion .  
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The i n t e n s i t y  decay r a t e s  f o r  t h e  4879 A ,  A r I I  l i n e  f o r  s o l e n o i d  c u r r e n t  
l e v e l s  o f  1500 and 800 A a r e  shown i n  f i g u r e  12. For b o t h  cases t h e  d e t e c t o r  
was s a t u r a t e d  a t  an i n t e n s i t y  o f  255 near  t h e  e x i t  p l a n e .  I n c r e a s i n g  t h e  mag- 
n e t i c  f i e l d  s t r e n g t h  i n c r e a s e d  t h e  i n t e n s i t y  o f  t h e  e m i s s i o n  a t  a g i v e n  a x i a l  
l o c a t i o n ,  i n d i c a t i n g  a c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  p o p u l a t i o n  o f  t h e  upper  
e x c i t e d  s t a t e .  Leas t - squares  c u r v e  f i t s  r e v e a l  t h a t  t h e  a x i a l  i n t e n s i t y ,  wh ich  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e n s i t y  of t h e  upper  e x c i t e d  s t a t e ,  decayed 
e x p o n e n t i a l l y  f o r  b o t h  magne t i c  f i e l d  s t r e n g t h s ,  though t h e r e  was a s l i g h t  
i n c r e a s e  i n  r a t e  f o r  z > 3 cm. The l e a s t - s q u a r e s  f i t s  were v e r y  c lose f o r  
b o t h  magne t i c  f i e l d  s t r e n g t h s ,  w i t h  t h e  e q u a t i o n  
I = I 0 exp(&) ( z  i n  c m >  ( 8 )  
d e s c r i b i n g  b o t h  c u r v e s .  From t h i s  r e s u l t  i t  i s  a p p a r e n t  t h a t  t h e  c h a r a c t e r i s -  
t i c  l e n g t h  f o r  decay was -2.3 cm. U s i n g  t h e  r a d i a t i v e  l i f e t i m e  f o r  t h i s  s t a t e  
( r e f .  20)  ( 1 . 3 ~ 1 0 - 8  s >  and an exhaus t  v e l o c i t y  o f  -lo4 m / s  ( j u s t i f i e d  by  t h r u s t  
measurements ( r e f .  811, t h e  expec ted  decay l e n g t h  i s  0.01 cm, wh ich  i s  two 
o rde rs -o f -magn i tude  s m a l l e r  t h a n  t h e  obse rved  l e n g t h .  These e s t i m a t e s  i n d i c a t e  
t h e r e  i s  e i t h e r  s i g n i f i c a n t  c o l l i s i o n a l  e x c i t a t i o n  or A r I I I  - A r I I  recombina-  
t i o n  d u r i n g  t h e  expans ion ,  e s p e c i a l l y  s i n c e  t h e  c a l c u l a t i o n  does n o t  accoun t  
f o r  r a d i a l  plume expans ion .  The r e c o m b i n a t i o n  r a t e  was e v a l u a t e d  u s i n g  t h e  
cross s e c t i o n s  g i v e n  by Draw in  ( r e f .  2 1 )  and was f o u n d  t o  be s e v e r a l  orders-of- 
magn i tude too sma l l  t o  e x p l a i n  t h e  d a t a .  I t  i s  t h u s  expec ted  t h a t  e l e c t r o n i c  
e x c i t a t i o n  p l a y s  a dominant  ro le  i n  t h e  near  f i e l d  p lume.  
R e s u l t s  of t h e  H a l l  p robe  enc losed  c u r r e n t  measurements f o r  t h r u s t e r  geom- 
e t r y  D a r e  shown i n  f i g u r e s  13 (a )  and ( b )  for  z = 2.7 c m  for  two magnet c u r -  
r e n t s  a t  a d i s c h a r g e  c u r r e n t  o f  1500 A and a rgon  f l ow  r a t e  o f  0 .16  g / s .  The 
maximum e n c l o s e d  c u r r e n t  o c c u r r e d  a t  a r a d i u s  equa l  t o  t h e  anode e x i t  r a d i u s ,  
i n d i c a t i n g  most o f  t h e  c u r r e n t  b lown i n t o  t h e  plume a t t a c h e d  t o  t h e  f a c e  o f  
t h e  anode. Compar ison o f  t h e  two f i g u r e s  i n d i c a t e s  t h a t  t h e  f r a c t i o n a l  c u r r e n t  
b lown downstream o f  t h i s  a x i a l  p o s i t i o n  i n c r e a s e s  w i t h  magnet c u r r e n t .  For 
magnet and t h r u s t e r  c u r r e n t  equa l  t o  1500 A ,  o v e r  30 p e r c e n t  o f  t h e  d i s c h a r g e  
c u r r e n t  was b lown  downstream o f  3 cm.  
These measurements have h e l p e d  e x p l a i n  t h e  tempora l  v a r i a t i o n  of t h e  v o l t -  
age obse rved  under  c e r t a i n  o p e r a t i n g  c o n d i t i o n s  ( r e f .  8 ) .  For t h e s e  cases t h e  
v o l t a g e  i n c r e a s e d  m o n o t o n i c a l l y  w i t h  t i m e  w i t h  no  change i n  t h r u s t e r  c u r r e n t ,  
mass f low r a t e ,  or  a p p l i e d  f i e l d  s t r e n g t h .  A s  shown i n  f i g u r e  14, t h e  H a l l  
p robe  measurements c l e a r l y  show t h a t  a change i n  c u r r e n t  d i s t r i b u t i o n  was asso- 
c i a t e d  w i t h  t h e  change i n  v o l t a g e  w i t h  more c u r r e n t  b lown downstream when t h e  
t h r u s t e r  o p e r a t e s  a t  a h i g h e r  v o l t a g e .  The i n c r e a s e d  p a t h  l e n g t h  f o r  t h e  c u r -  
r e n t  s t r e a m l i n e s  w i l l  i n c r e a s e  t h e  d i s c h a r g e  v o l t a g e  i n  agreement w i t h  t h e  
o b s e r v a t i o n s .  Wh i le  t h e  causes o f  t h e  c u r r e n t  r e d i s t r i b u t i o n  a r e  s t i l l  
unknown, these  measurements i n d i c a t e  t h a t  t h e  v o l t a g e  i n c r e a s e  was n o t  a s s o c i -  
a t e d  w i t h  an e l e c t r o d e  f a l l  v o l t a g e .  
The r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  i n d i c a t e  t h a t  a s i g n i f i c a n t  amount 
The f a c t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  energy  t r a n s f e r  o c c u r s  i n  t h e  p lume.  
o f  t h e  t h r u s t e r  c u r r e n t  was b lown downstream i m p l i e s  n o t  o n l y  t h a t  t h e r e  was 
ohmic h e a t i n g  i n  t h e  plume, b u t  a l s o  t h a t  t h e  i n t e r a c t i o n  volume between t h e  
a p p l i e d  f i e l d  and t h e  d i s c h a r g e  c u r r e n t  had i n c r e a s e d .  I n  a d d i t i o n ,  t h e  
a p p l i e d  magne t i c  f i e l d  appears  t o  c o n f i n e  t h e  plume expans ion  wh ich ,  by 
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d e c r e a s i n g  a x i a l  e l e c t r o n  d e n s i t y  g r a d i e n t s ,  i n c r e a s e s  t h e  c o l l i s i o n  f r e q u e n -  
c i e s  and enhances e l e c t r o n - i o n  e q u i l i b r a t i o n .  I n  f a c t ,  t h e  e l e c t r o n - i o n  e q u i l -  
i b r a t i o n  t i m e  for t h e  measured d e n s i t i e s  and tempera tu res  i s  -10-5 sec,  wh ich  
f o r  a v e l o c i t y  o f  l o 4  m / s  y i e l d s  an e q u i l i b r a t i o n  l e n g t h  o f  10 cm wh ich  i s  com- 
p a r a b l e  t o  t h e  l e n g t h  s c a l e s  o f  t h e  d e n s i t y  decay.  
SUMMARY 
An MPD t h r u s t e r  plume d i a g n o s t i c s  f a c i l i t y ,  i n c l u d i n g  e l e c t r o s t a t i c  p robes  
f o r  e l e c t r o n  d e n s i t y  and t e m p e r a t u r e  measurements, H a l l  p robes  f o r  c u r r e n t  d i s -  
t r i b u t i o n  mapping, and an i m a g i n g  s y s t e m  t o  e s t a b l i s h  g l o b a l  plasma s p e c i e s  
d i s t r i b u t i o n s  has been b u i l t  and i s  u n d e r g o i n g  t e s t i n g .  P r e l i m i n a r y  measure- 
ments i n d i c a t e  t h a t  f o r  a p p l i e d  f i e l d  MPD t h r u s t e r s  o p e r a t e d  a t  powers between 
30 and 60 kW t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  i s  s t r o n g l y  peaked a l o n g  t h e  
c e n t e r l i n e  and decays e x p o n e n t i a l l y  w i t h  a x i a l  d i s t a n c e  from t h e  t h r u s t e r  e x i t  
p l a n e .  The e l e c t r o n  t e m p e r a t u r e  d i s t r i b u t i o n  i s  more u n i f o r m ,  d r o p p i n g  from 
-2.5 eV a t  t h e  e x i t  t o  -1.5 eV a t  a d i s t a n c e  30 cm downstream. These r e s u l t s ,  
combined w i t h  c a l c u l a t e d  a p p l i e d  f i e l d  d i s t r i b u t i o n s ,  i n d i c a t e  s i g n i f i c a n t  
p lasma con f inemen t  and energy  t r a n s f e r  i n  t h e  p lume.  
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TABLE I. - MPD THRUSTER DIMENSIONS 
T h r u s t e r  
des i  g n a t i o n s  
0 
E 
F 
Anode channel Channel Anode f l a r e  
d iamete r ,  l e n g t h , a  . 
mm cm H a l f  ang le ,  Length,  
deg cm 
26 b4.2 41 1 . 1  
c26 b5.4 10.5 5 . 4  
c26 d5.4 10.5 5.4 
J 
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